NOO-17652

Main Results of CAST-10 Airfoil
Tested in T2 Cryogenic Wind Tunnel

A. Blanchard, A. Seraudie, and J. F. Breil
ONERA/CERT
DERAT
Toulouse-France

PRECEDING PAGE BLANK NOT FILMED

83



84

INTRODUCTION

* Examine Re, M, and Transition effects on a very sensitive
airfoil, systematically tested previously.

* Evaluation of the airfoil characteristic prediction

- comparison experimental/theoretical resuits

- comparison adaptive walls/conventional wind tunnel
resuits

* Mutual help for T2, 0.3m TCT, TWB (Braunschweig)
- Gives us more experience for airfoil tests under
cryogenic operation (second cryogenic airfoil tests)
- lots of experience with adaptive wall techniques

2 Series of Tests in T2

-1t in November 1984

-2"d in April 1985
Model
* Designed by Dornier
* Manufactured by ONERA
* Chord=180mm , Width= 560mm
* 103 pressure tapes (LE. @ 0.1mm)
21 thermocouples (15 in the skin region)

The aims of the cooperation NASA/DFVLR/ONERA




T2 Wind Tunnel

Second Throat ;¢
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O.§7x 6,5‘5 mi\ﬂ

1,8x18 m*

72—

10m

Exhaust

* Transonic
* Pressurized
* Cryogenic

* Adaptive walls
—LNL

- Air induction
- LN2 injection
- Internal insulation

WALL DISPLACEMENT MECIANISM

o Adaptive Walls
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T2 Run

CAST 10
. Cooling chesmber Lock——
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* A part of the model is hollow

* [ - Model is cooled outside before the run

- Start of the run at low Mach number (0.3)
low pressure (1.1 b)
selected temperature

- Introduction of the model in the test section

- Increase of (M,Pt) at the required level

-
* - Wall adaptation, measurements on the walls and

- Other measurements ( Wake )

(T model =T flow)

on the model

* [_ - End of the run {(one configuration has been tested)




2-D Adaptation

2-D Adaptation Strategy

AMeasursd U adra an the wails.
smtial st3pe of the walls.

[ —

Caiculation of U, and v dlong the streamiines
and projection onto Us,,, vew
Adaptation Flowchart
:
)
Divect Green ranstorm: H Set up test conditionﬂ
vact regn wanfort - m s Adjust flexible walls 18 up to
vix) __ufx)e e _vit) g § I 50 s
Top and botrom Czla fx.U) § [[Stabilize wind tunnel rm——]
K o
L E Measure tunnel temperature and a
Separation of the /' 5 into 4 terms, o' 1.5 s pFESSUI"ES. model pressures 5
retaxauon and pregicton of 1he Yo 2
Calculation of UD such that 1.6 8 [* ADAPTATION STRATEGY) g 17
/P(') [U,"p-(U.ou nnv)] dxeo b g
Top and bortom 0.3 s by
I — 0.2 s s
H AQjuSt 1 b
Entrapolat f 1ty . -
r‘rap svon of the u U,"a v J g flexible walls
[ Inverse Green transiorm — v (x) §
T 2 Probe wake
k] Store_on_disc
Separation of the v S into 4 terms. $
relaxation and calculation of vors g
a

*IRegulation| by computer. (M,P,T) independent

[Measurements |——— Pt, Tt, Pwalls, Zwalls, Pmodel, ...

Mo T
theoretically A0t ,AM =0 | < — Adaptation]

* Principle rather simple
internal field- measured (walls)} iterations until they are

external field-calculated(Green) | equal on the control surf.
Accuracy of the method

u,v extrapolation —> + 00

u,v streamline projection on a straight line

Stateqy rather complicated to obtain rapidly the convergence

- Mo calculation (field around the model)
- separation in 4 elementary terms
- relaxation coefficients
Convergence criterion: until no variations (Pwalls,Zwalls,
_Pmodel)

* Convergence in 3 or 4 iterations in arun (each one = 5s)

* Residual errors AM =0.002 , AC. =+ 0.02°
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Measurement Accuracy

* Model : good quality (shape, surface roughness,...)
(very important for Natural Transition,
some problems at High Reynolds Number )

* Steady flow accuracy

Instrumentation Control Aerodynamic Field
Py =3 bars
Ty=120K * Calibration * Computer *Adaptive walls | * Gradients
M =0.8 process
C =05 * Mechanical
[. .'l
Pressure 0.001 bar 0.004 bar
Temperature 03K 04K <05K
(wall: 10 K)
Mach number 0.002 0.001 0.002
Angle of attack 0.02° 0.02°
Control / Adaptive walls : AM = 0.005 Flexible wall shape : Ay= + 0.1 mm

Model temperature T\ /Ta= 1.015

* Flow quality (important for Natural Transition)
- Pressure fluctuations ( low levels)
- Velocity fluctuations (due to pressure fluctuations)
- Temperature fluctuations ( seem reasonable)
- Uniformity in the test section (good enough)
- Purity of the fluid ( moisture is the most important
problem for flow quality in a cryogenic wind tunnel)

* Side wall boundary layers
seems a real problem (AC =0.1t00.2°)




CAST 10 Tests

inT2

1St series of tests  * Natural Transition T.N.
0.69 <M< 0.77
+3°
Rc=4.108 o lot of values
=2°
[ M=0.7 0O=+1°
6 .106 < Rc < 30 .106 \ M=0.73 0=-0.25°
< M=0.76 0=+0.25°
M=0.765 O=+0.25°
Nb of runs = 160 | +some scatter points
2nd geries of tests  * Tripped Transition T.D.
h=0.045mm  XVC =5%
0.7 <M <0.765
+4°
Rc=4.106 o lot of values
20
[ M=0.7 O/ =+1°
M=0.73 o =-0.25°
6.10% < Rc < 27. 10° —— ] M=076 a=4025°
M=0.76 O = +1°
M=0.765 O = -2°
Nb of runs = 90 | M=0.765 0 = +2°
* Half Tri Transition T.1/2D.
( lower surface ) 0.73<M<0.78
+2°
Rc=4.108 o some values
.20

6.10% < Rc < 14. 106 \{

Nb of runs = 45

M=0.73 o« =-0.25°
M=0.76 o = +0.25°
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Measurements at each run

0
P7AKE

290

xJe

2300

+ Qil Visualisation

* Tunnel

* M walls
Z walls

* Kp
* M model
*Tw

* Wake

( Shock,
——>

-->

--->

>

-.->

--->

Mach
" hJ\"
0,7 X (m)

-1 0 1

APUVPt APs/Ps ATUTt
-0 [ q oos

-50

===> 2-D of the flow
Transition, Bubble, Separation,...) locations .

lPt,Tt:

Infinite conditions Mo

Streamline convergence
(C not exploited here )

CL

(CD)pressure

Shock location, B.L./Shock wave interaction
lam. Bubble , T.E. separation , L.E. peak , ...
Equilibrium

Cp

(B.L. information not exploited here)
(Pt Ps and Tt probes, 400 pts in a wake)

B.L./Shock wave interaction




Transition Detection
in a Transonic Cryogenic Tunnel

- Aerodynamic coefficients

- T.N./T.D. comparisons

Measure
Surface Lines Points
T=300k P17 1 f
) visualisation }|I- Pt /////////}|  -Skin friction
- Infrared ,lpngitqdinal / gauges
 probing ///// |
- Thermocouples< -
-(small CO, 1
100K icing )
////////// used for CAST 10 tests
not exploited - - - -
[dentification
Mach number | Laminar bubble |"Bump" if
on the airfoil separation Miocal=1 Lam. or Turb.
On B.L./Shock wave
Wake shape / / interaction
Estimation

Cp(Re), C (Re)

- Experiment / calculation comparisons
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Reynolds Number Effects

a =-0.25°
—J— Oil Visualisation M=0.73
]
I 1
Lon i
'/} \-ongitudinal I?rol.:ing os| X¢/C Transition Location
15 : (Jones’ criterion)
M
! ? .
Vi Mach number ~
14 [ | ~ o
| : , / upper surface ° T 9.
”/I\ RC
1] ’ '
0s. | o —_ . <
| ! : 4 6§ 8 10 14,10
i
C 1 1 CD
f ! : oot |
0005 k : upper surface
!
TU:]’- t o.
w . /‘\
o] v g e
8\. 0.
JL—/"—‘—"/O-S/ lower surface ' °
! 0.005 | Re
ccos | Boundary Layer Computation ¢ 6 8 0 12Tt
1’ (DERAT criterion)
1! Ct

!

* Good correlation of the estimated transition locations
from : - oil visualisation
- longitudinal probing
- local Mach number distortion
- computation

* The transition location moves with the Reynolds number
- regularly on the upper surface
- suddenly on the lower surface (60%-->L.E. for Rc=7.106)

* These transition displacements explain the Cp(Re) evolutions
- direct Re effect : (Re /) -—> (Co\)

-indirect Re effect : (Re /) ---> (XYC\) ---> (Cp /)




Natural Transition

flf'ﬁ .‘-‘M;;}'i \ ,.-r‘lr"A\* \
/ s - =~

——
:?—.-\__ —\

Mach number variation
o =+0.25°

Angle of attack variation
M=0.765

0S5 ] 0
Co
902 4M,=0765

073

0,015

o0

.,/'l‘.
::::tgki
a

Rc =4 .106

05

.
~

*Unusual C, (0) and Cp(0t) evolutions at
due to transition displacements

Rc=4 .106

lower surface

Peak at the L.E.

upper surface
Ol<-1° lam.
o=0° (turb.)
o> 0° lam.

60%

( must be examined for each Mo )

* = Classical etfects of shock wave, and T.E. separation
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T.N/T.112D./ T.D. Comparison

xX/c

1 v

M=0.76 O =+0.25°

fo

® Rc=13.106 ® Rc=25.106
xX/C xX/C
T O 1
*AtlowRe : very different
*T.1/2D. upper surface = T.N. ?
lower surface = T.D. upper/lower S, coupling

* Shock wave location

TDXQ‘K\ -

T.N.

* Transition

with Re

* At high Re : T.N. = T.D.

with Re




CAST 10 Airfoil Characteristics

cs

Re=4 .10°
CL CD .
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0817 1aams /
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* Very different results with boundary layer conditions
* Smoother curves In T.D.

* The divergence Mach number is not very affected
but, Cp levels are different
* (C)may is higher in T.N.
*Typical C,(Cp) laminar airfoil shape (M=0.765)

*(C./ Cp) ratio higherin T.N.
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Aerodynamic Coefficient Evolutions
with the Reynolds Number

M=0.76 O =+0.25°

X/C _ X/C

0.5 10 05

——

) - ‘/ [ e ‘T'l/zD \!. .
THO / \\
\A—‘ 0,5 ) . o

Re Re

* Comparison of (T.N./T.1/2D./ T.D.)

- precises the transition motion in T.N. ,

- precises the CD and CL evolutions,

- partly dissociates what is due to upper and lower surfaces
- gives confidence in the results

*The CAST 10 airfoil is still laminar at Rc=8.106

this must be considered as a success for T2 performances

* At Rc» 20 .108 | transition Is near the L.E.

30




Airfoil Performances

0031]

]
[ ] Rc=l..10 002t
TN 5 Re=2110"
e Re=4.10°
1O, Re=21.10°

.
o
2 4 0 1 2 3 2 A
1 .
o b 1 .
0.8 .R://
.V e . )Rc- 21410
. — T-Na—:—‘”'n'-—' Rce 4r10°
= 2=~ 10. . "
08 /" ,,,...z'f° /5,"‘
» ¢
O,ll L .R -; )
la .'
02| il
g
. CD
0 o0 002 0.03 004 005

* High airfoil performances in laminar flow

* Inverse evolutions with the Reynolds number in T.N. and T.D

* Same results at Re= 20 .106
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Conclusions

- Good model quality (necessary for T.N. measurements)

* T2 tests

- General characteristics of the CAST 10 airfoil
(M, o, Rec, Free/Fixed transition )

- Fundamental studlies on Reynolds number effects
o The T.N. and T.D. evolutions are very different

o Comprehension of phenomenon in T.N.
o Interest of the laminar airfoil

- Analysis of some special points
o Tw/Taw effects

o Thermal equilibrium
o Estimation of the transition location under cryogenic

operation
o Cross control for Rc (P,T)

- Good T2 cryogenic operation
o Adaptive wall functioning = T.amb.

o Laminar studies : O.K. for Rc¢8.108

pbs at higher Reynolds Number
o Improvements must be done

for moisture elimination
for side wall boundary layer effects

* Comparison with prediction methods

— ONERA results (J. Thibert)

* Comparison with others tunnel results
~=-> (J. Thibert ) and (workshop)




TEST DATA ANALYSIS
AND
THEORY - EXPERIMENT COMPARISONS

J. J. THIBERT

TRANSPORT AIRCRAFT DIVISION
AERODYNAMICS DEPARTMENT
ONERA (FRANCE)
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ONERA / DFVLR / NASA COOPERATION
ON CRYOGENIC AND ADAPTIVE WALLS
TECHNOLOGIES FOR AIRFOIL TESTING

- OBJECTIVES

EXPERIMENTAL TEST ON THE CAST 10 AIRFOIL

IN THE ONERA T2 TUNNEL IN ORDER TO PROVIDE
DATA AT FLIGHT EQUIVALENT REYNOLDS NUMBER
ON A SUPERCRITICAL AIRFOIL

COMPARISON OF DATA ON THE SAME MODEL IN
SEVERAL WIND TUNNELS

CAST 10 AIRFOIL WORKSHOP
SUMMARY OF THE PRESENTATION

T2 TEST ANALYSIS

T2 - TCT DATA COMPARISONS
COMPUTER CODES DESCRIPTION
THEORY - EXPERIMENT COMPARISONS
CONCLUSION
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T2 TEST ANALYSIS

- TRANSITION EFFECT
M = 0.765 Re = 4 X 10°

-~ REYNOLDS NUMBER EFFECT
M=0.765 a=0.25

_- TRANSITION EFFECT
M = 0.765 Re = 20 X 109

- MACH NUMBER EFFECT
fixed transition
Re = 25 X 108 a=0.25

-~ REYNOLDS NUMBER EFFECT
M = 0.73 a=0.25

CAST 10 AIRFOIL
MODEL

C=180 mm

80mm fOmm

BF A

777 [
7

i [- "1 6 \PRESSURE HOLES > o o

AN 13, @ i4 | . . A _ _? ®°
P b s ieiz o 20 ¢ 0-0

° : ® : o [J . W4l e\ -

! 6 e | ' Q v

17 ‘a..jq\,..i 18 THERMOCOUPLES
~ OIAICD <‘J

t— 390 mm
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Tiz0

o3
N

TRANSITION EFFECT

/:-Y'
N Ve

p Mo=0.765
/ 03 Re=4x106
A
Ve
101
[ )
QO
2 4 0o 1 2 3
TRANSITION EFFECT
Cq j
0031| /
002
PR IIPR 7 % /
9 Mo=0.765
'J;N_’ F: Rc=4x108
T.Y2D. M
00
2 41 0 1 2 3



MACH NUMBER DISTRIBUTION
REYNOLDS NUMBER EFFECT

“)
1.5 & FIXED TRANSITION

Ry = 7.7 x 10°
| usx1®
17.5 x 10

1.0d

0.5 -
a=025" 1D,
M =0.76
0 0.25 0.50 o7 —f—

1.00 x/C

MACH NUMBER DISTRIBUTION

. TRANSITION EFFECT
1.5 } 6
M=0.765 Re=4.10
X==1°

IN e
T1/20 ...
1

o 0.25 0.50 0.75 100 X/C
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ol

MACH NUMBER DISTRIBUTION
TRANSITION EFFECT

M=x0.765 Re=4.10°

a=10

1.0 4
0.5 4
Free transition
«swwe Fixed transition on lower surface
v Fixed transition
0 0.25 0.50 0.75 1700 X/C
MACH NUMBER DISTRIBUTION
M \ TRANSITION EFFECT
A
1.53%

M=0.765 Re=4.105
a=rzgy

0’50 0.75 .00 X/C



0.6

0.4

0.01

0008

T2 TESTS

EVOLUTION OF THE LIFT COEFFICIENT WITH THE REYNOLDS

AC,

NUMBER

«nme Free transition

e Fixed transition on lower surface

= Fixed transition

Re

"

-
L 5 6 7 8910 12 4161820 25 303540 x10°

T2 TESTS

EVOLUTION OF THE DRAG WITH THE REYNOLDS NUMBER

Mo 00-76
Q =0.25°

== Free transition

=== Fixed transition on lower surface

== Fixed transition

Re

-
4 5 6 7 8910 12 14161820 25 30 3540 x10°
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MACH NUMBER DISTRIBUTION
M * FREE TRANSITION - Re EFFECT

M=0762 a=p.25°

— Re 4.1 x 108

0 0.25 0.50 0.75 100 X/C

SHOCK LOCATION
TRANSITION EFFECT

M=076 Q=0.25
X/C

0.7

os} :\\

@ ‘.\
0.5 T L

A—ﬁ _

03

T.D. Sunnme

. —
4 S 6 7 8 910 15 20 25 39x106 Re

106



1.5

1.0}

051

0.0

MACH NUMBER DISTRIBUTION
TRANSITION EFFECT

M = 0.76 Q= 0.25
Re = 7.8 x 106

TN, e

T.1/2D, ~=—===

. - el
01 02 03 04 05 06 07 08 09 1.0 X/C

MACH NUMBER DISTRIBUTION
TRANSITION EFFECT

M = 0.76 Q= 0.25
Re = 14.0 x 10°

X/C
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REYNOLDS NUMBER EFFECT
M = 0.765
FREE TRANSITION

REYNOLDS NUMBER EFFECT
M = 0.765
FREE TRANSITION

4

C4

Reu4.106 ®

LTIy o

Rea 21200 et

Rea 4908 ._—-—-'\
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T2 T.N. M=0.765 RE=21.106
NUM. MACH ALPHA RE  CZ X
121 .764 -2.00 21.3 .10 .00870 -.07500
7T .62 .25 21.2 .497 .00930 -.07500
la)  .762 1.00 21.2 .620 .01480 -.08100
116 769 2.00 21.3 675 .04050 -.07600

T2 T.0. M=0.765 RE=21.106

g

MACH ALPHA RE (24 X (o

.............. 318 L7865 -2.00 20.9 .108  .00910 -.07500
311 . 764 1.00 21.2 .597 .01360 -.07800
______ 320 .767 2.00 21.0 .692 .03500 -.07600

———

e
—-———
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T2 T.N.-T.D. M=.765 RE=21.106

NUM. MACH ALPHA RE [ cX
315 L7685 -2.00 2?.9 .108 .00910

Il
O o7 121 .764 -2.00 21.3 .110 . 00870

.|‘o—l

/’f —
——

T2 T.N.-T.D. M=.765 RE=21.106
MACH ALPHA R

NUM, £ cZ
_FL_ 311 .764 ) .00 21,2 .597 01360 -.
TN 10f 762 1.00 21.2 .620 .01480 -

al0 -
¥
x/c
q 0.5 1.0
° / ‘ \\‘
1.0

-.07300
- . 07500



T2 T.N.-T.D. M=.765 RE=21.106

AL=+2

NUM. MACH ALPHA RE CcZ cX ™
Ib 320 767 2.00 21.0 692 .03500 - .07600
TN 116 . 769 2.00 21.3 675 .04050 - .07600
a 1.0 7
X
. X/C
d 0.5 (.. 1.0
° PP S S ‘\\;““n;;}
1.0
v

T2 EFFECT MACH EN T.D. RE=25.106 AL=0.25

NULM,
6

MACH ALPHA
.729 .25 24.
. 760 .25 25.
. 766 .25 25,
777 .25 25,
790 25 25.

RE
5

2
0
3
7

EN
o
W
o
~
(=]
o
Q
N
~
Q
o
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LIFT EVOLUTION WITH REYNOLDS NUMBER
My =073 a=-0.25

045 T Cz
S T.na
e o g T -
. g -\
I/ -
035 P
4
i A Re
'L - dmambnnmed-adiy
4 5 6 7 8910 15 20 25 3035 40x106

DRAG EVOLUTION WITH REYNOLDS NUMBER
MO = 0.73 a = -0.25

Q01 Cxs

0005 |

Re

4 5 6 7 8910 15 20 25 3035 40X106



MACH NUMBER DISTRIBUTION

M \ TRANSITION EFFECT
1.5# M=1073 a=-0.25
Re=3.8x 106
le
|
l
1.0

K
05 H
T.N
T.1/2D.
T.D. ——
0.0 o1 07 03 o7 05 0% T 05 o9 1T = c

MACH NUMBER DISTRIBUTION

M | TRANSITION EFFECT
1.5 M=10.73 a=-0.25
Re = 5.9 x 106

I‘:“‘:ﬁ s
:;3.‘.
L?.

1.0

0.5

T.N' ————
T.1/20, ——
T.D. —

0.0 01 02 03 04 65 06 07 08 09 1.0 5/(’:
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1.5

1.0

0.5

0.0

MACH NUMBER DISTRIBUTION
TRANSITION EFFECT
M=073 a= -0.25

Re = 7.65 x 106

1
It
I

TN C—
T. 1 /m. —
T.D. ——

01 02 03 04 05 06 07 08 05 10 x/cC

MACH NUMBER DISTRIBUTION
TRANSITION EFFECT
M=073 a=-0.25
Re = 13.2 x 106

0.0

01 02 03 04 0.5 06 0.7 08 09 10 X/C



- M=0.765

T2 - TCT DATA COMPARISON

Re = 4x10°

fixed and free transition
Total forces

Pressure

~ REYNOLDS NUMBER EFFECT
"= -0.25"

— MODEL

M=0.76

CAST 10 MODEL
AND WIND TUNNEL CHARACTERISTICS

CRYOGENIC TECHNOLOGY
CHORD : 180 mm

POSSIBILITY OF MOUNTING IN THE T2, TWB, TCT TUNNELS
EQUIPMENT : 103 PRESSURE HOLES (@ 0.1 mm AND 0.3 mm)

19 THERMOCOUPLES
— WIND TUNNEL CHARACTERISTICS
TUNNEL| WALLS | TEST SECTION | Rex 10~
T2 ADAPTIVE | 0.4 x 0.4 m2 4 - 30
TWB | SLOTTED | 0.34 x 0.6 m2 4 -12
TCT | ADAPTIVE| 0.2 x 0.6 m2 4 - 45
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UFT COEFFICIENT

TRANSITION EFFECT
M = 0.765

Re = 4 x 106

/
) WIND TUNNEL FREESTION,
’,
T2 . P’
TCT b e
6.1
a.
-2 -1 ¢ 1 2 3
DRAG COEFFICIENT
TRANSITION EFFECT
76
R = § 7%
4Cy
0.03
0.82;
FIXED TRANSITION
+ TRANSIT
/ WIND TUNNEL FREE > HItED
FREE TRANSITION n .
TCT e e
a® ’

v v
-2 -1 0 1 2 3
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TCT T.0. M=0.765 RE=4.106

NUM. MACH ALPHA RE €2 cx ™
438 N4s! -.99 4.0 . 206 .01193 - . 05952
4499 ;766 -.01 4.0 e .0t197  -.05732
440 . 767 .98 4.0 .370  .02048 - 0666]
442 .767 2.00 4.0 .634 .04551 - 06087

TCT T.N. M=0.765 RE=4.1086

RE c2 CX M
4.0 144 .01042 - 09748
4.0 .56% .00920 -.09796
4.0 675 .02453 - .09748
4.0 761 .05011 -.08787
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TCT T.N.-T.D. M=.765 RE=4.106 AL=-1.

NUM.  MACH ALPHA RE Cc1 cx

M
Fo 438 T7F  -.99 4.0 206 .01193 - . 0%59%2
..... TH_ 31289 764 -1.02 4.0 .377 .0lod2 - 03748
1o =
¥
., X/C
v 1o

TCT T.N.-T.D. M=.765 RE+4.106 AL- O.

H ALPHA RE €2 <x CM
e _ 439 766 -.00 4.0 378 01197 -.05732
wIN..... 31270 765 .02 4.0 565 00920 -.09796
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TCT T.N.-T.D. M=.765 RE=4.106 AL=+1I.

NUM. MACH ALPHA  RE €2 X o™
£ - B 440 167 .98 4.0 .570 .02048 - .06661
LTALLL 31T . 766 .95 40 675 .02453 - .09748

T2-TCT T.N. . M=.765 RE=4.106 AL=-1.

NUM. MACH ALPHA RE cz . cX o™
R & S 24 N -1.00 4.1 .380 .00730 - .09800
Yl __ 31269 .764 -1.02 4.0 .arr .01042 -.09748
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T2-TCT T.N. . M=.765 RE=4.106 AL* O.

NUM. MACH ALPHA NE €2 X O

.—.%_ 19 .76 00 4.0 493 00000 -.D8400

—JEI_ 31270 785 -.02 4.0 583 00920 -.09796
PRUE IR

T2-TCT T.N. . M=.765 RE=4.106 AL=+|.

NUM. PHA €2 cx o
_117_ 20 768 .00 4.1 .69 .01570 10300
—IET— ser2 e .95 4.0 675 02433

*oatas

gl.d -1

<1.0 -
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M=.765 RE=4.106 AL=-1.0

T2-TCT T.D.
NUM. MACH ALPHA RE cZ CcX wm
b 4 270 .765 -1.00 40.0 . 199 .010B0 - .05800
I 7 g 438 m -.99 4.0 206 .01183 - 05952
a0 o

M= .765 RE=4.106 AL= 0.0

T2-7CT T.D.

NUM  MACH ALPHA  RE €z X oM
_Tz__ 25/ .16z .00 4.0 353 01090 -.05600
“7x7_— 43 (166 -.01 4.0 378 .0ll97 -.05732
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T2-TCT T.D. M=.765 RE:=4.106 AL=+!.C

NUM. MACH ALPHA RE cz cx o™
L4 246 765 1.00 4.1 542 .0ISBO -.06300
ZTeT . a0 (167 .98 4.0 570 .02048 - 0666I

EVOLUTION OF THE LIFT COEFFICIENT
WITH THE REYNOLDS NUMBER
TRANSITION EFFECT

G M = 0.76 a= 0.25
0.6 1

FREE TRANSITION

TRANSITION
FIXED TR“"S'TT. WIND TUNNEL  FREE FIXED
0.4 - T2 a ™
TCT TThee ke

1‘ Re

4 5 6 78 10 15 20 25303540x106
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ACy

0.014

EVOLUTION OF THE DRAG
WITH THE REYNOLDS NUMBER

M= 0.76 a= 0.25

x—-x

\( FIXED TRANSITION
‘\\\ . \

'-\_~_~ [ ]
s —— TN
WIND TUNNEL
T2 n
TCT X

Re

Y

4 5 6 78 10

=T

COMPUTER CODES DESCRIPTION

. POTENTIAL CODES

(finite difference)

- AP 27
Inviscid flow : Garabedian and
Korn method (nonconservative)
Boundary layer : Michel method
Weak coupling
No wake computation

- VISC 05
Inviscid flow @ Chattot method

Boundary layer
Strong coupling {Le Balleur method

Wake computation
Nonconservative or conservative options

C type mesh

. NAVIER STOKES CODE

(Veuillot-Cambier)

Compressible N.S equation with constant
total enthalp¥ 3-possible turbulence
models (Michel, Baldwin-Lomax, K—£)
Explicit finite difference schema
Local time step

Multigrid acceleration technique

Far field boundarz conditions treatment
using characteristics relations

C type mesh

—r—rr— v v i
15 20 25 303540X100
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THEORY - EXPERIMENT
COMPARISONS

- M=0.765 Re = 21x106
Total forces
Pressure: free transition C1~0.5
Side wall B.L. effect simulation
- M=0.765 Re = 25x106
Pressure: fixed transition C1~0.5
- Mach number effect Re = 25x106
fixed transition
Pressure
Total forces
-M=0.73 Cl1~0.35
fixed transition
— Reynolds number effect
M=073 OX=-0.25°
Total forces

THEORY EXPERIMENT COMPARISON
M = 0.765 Re = 21 x 10°

fixed tronsition

T2 DATA free Ircnsition
LE BALLEUR [ fixed lronsition
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THEORY-EXPERIMENT COMPARISON

FREE TRANSITION

NUM. MACH RLPHA RE cz cx cn
—_— 6s .765 -.64 21.0 .501 .DOB70 -.1071)
- . 77 782 .25 21.2 .49 .0D0930 -.07500
1.0 A 7]
~~~~~~~~~~~~~~ —LE BALLEUR

TEST - THEORY COMPARISON

FREE TRANSITION
AM M=0.762 a=0.25
Re = 21 x 106

2
ot
-

o

0.762

—— Compt. 0.762
~—— Compt. 0.764

X/

0 0.1 ’uiz 0.3 0.4 05 06 07 08 09 10

coo
(S, 1 ST ]
[T=18, 18 |
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COMPUTER CODE COMPARISONS
Re = 15 x 106

~— GRUMFOIL

---------- LE BALLEUR

TEST

LATERAL WALL B.L.EFFECT
FIXED TRANSITION

“‘51mm
7-
B<
. MURTHY
« .
5 " BARNWELL
XX SEWALL
4 e
EXPERIMENT
3.
2-
Re
1 r v e v - - - >
4 5 6 7 8910 15 20 25 30X 105



THEORY - EXPERIMENT COMPARISON
FIXED TRANSITION

NUH. MRCH ALPHA  RE 2 cx n
_— 1 .7865 .25 26.0 .581 .0)29 -.09774
. . 332 .786 .25 25.0 .485 .00970 -.D9200

10

-KP

-1.0 o

THEORY-EXPERIMENT COMPARISON

FIXED TRANSITION

NUM. MACH ALPHA  RE cz cx n
.766 -.35 25.0 .484 .00990 -.09392

JE—— 21
- . 332 .766 .26 25.0 .485 .00970 -.07200
T2
1.0 7
a ..ou'nou.uo _ LE BALLEUR
x »
+
* ‘e
. L
e
&~ x/c
[ ..o‘ 0.5 1.0
1 _

-140 -
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THEORY - EXPERIMENT COMPARISON

FIXED TRANSITION

NUM. NACH RLPHR  RE €1 X n
— 61 .48 -D0 24.7 .542 .00600 -.08755
. . 332 .7%8 .28 25.0 .40S .00970 -.07200

1.0

-xP

“1.0

N.S. CALCULATIONS

FIXED TRANSITION

NUN. NACH ALPHA  RE (34 cx cn
—_— 102 .765 .25 25.0 .540 .0130) .00000
. . 382 .76 »25 26.0 .405 .0D970 -.07200

10 1

-KP

%0 -
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N.S. CALCULATIONS

FIXED TRANSITION

NUM. MRCH ALPHA  RE (14 cx cn
105 750 .00 25.0 .498 .D0O96? .DOOOD
. . 332 768 .26 25.0 .485 .0D0970 -.07200

=1.0

N.S. CALCULATIONS

MACH NUMBER EFFECT

NUM. MACH RLPHA  RE €2 X
— 103 .l48 .00 25.0 .493 .DO96S
[, 105 780 .00 25.0 .498 .D098?
......... - 104 782 .00 26.0 .SD4 .D096E

10

-KP

-1.0 ]
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THEORY - EXPERIMENT COMPARISON

FIXED TRANSITION

NUN. HRCH RLPHR  RE (74 cx [4,]
—_— 108 .750 .00 26.0 .496 .00887 .00000
R 61 .748 .00 24.7 .542 .00800 - .0B8765
. . 932 .7686 .25 28.0 .485 .00970 -.07200

1.0

"LE BALLEUR" CALCULATIONS

FIXED TRANSITION

NUH. PACH ALPHR  RE cl cx cn
41 730 -.3§ 24.3 .4853 .00780 -.08340
42 .50 -.35 24.7 .473 .00800 -.0072)
2] 768 -.38 25.0 .484 .00990 -.09392
43 .777 -.35 25.2 .448 .01190 -.09128
—_—— 44 .790 -.35 25.4 .I9¢ .01440 -.00752

=10 -

130



"LE BALLEUR" CALCULATIONS
FIXED TRANSITION

(corected Mach numbers)

NUR. MACH ALPHA  RE [ C cn
§7 .71%1 .00 24.0 .499 .00760 -.08184
68 .732 00 24.4 .817 .00760 -.00379
81 .24 00 24.7 .642 .0DB0Q -.08765
69 189 24.9 .852 .D0970 -.D9483
70 .72 28.) .§30 .01270 -.09727

=140 -]

N.S. CALCULATIONS

{corrected Mach numbers)

NUR. MACH RLPHA  RE €2 C
—_— 108 713 .00 28.0 .452 .00908
[ 108 734 .00 25.0 .473 .DOB4Y
......... - 108 .780 .00 25.0 .498 .00907
...... 107 .761 .00 26.0 .Bi3 .01116
—— 108 .774 .00 25.0 .499 .01461

=10 -1
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THEORY EXPERIMENT COMPARISON
FIXED TRANSITION

CiA —— T2 DATA
- LE BALLEUR
0.551 SN === Calculations CX=0 35 (experiment Cj AT MsQ.26
; Y ——seeme Cakuliotions OX=0 (corrected Moch number)
Cl 'fl I“ N.s: .
’,' ‘.\ == Caleulations OX=0 (corrected Mach number)
ACd
0.50- -0.02
0.4 5- -0.01
M
07 (corrected *LE BALLEUR®)
d& M (corrected "N.3°)
T T »

THEORY-EXPERIMENT COMPARISON

FIXED TRANSITION

NUN. HACH ALPHA RE (¥4 cx [N]
—_— 107 .761 .00 25.0 .S513 .01115 .DDOOO
................ - 69 .759 -00 24.9 .552 .00970 -.09453
. . 333 .M .25 25.3 .508 .01130 -.0DB10D

1.0

-KP

NS,
- LE BALLEUR
M T2

<1.0 4




THEORY-EXPERIMENT COMPARISON

FIXED TRANSITION

NUM. MACH RALPHR RE cZ cx (o]
—_— 106 774 .00 25.0 .49% .014 .
............... - 70 .772 .00 25.1 .530 .01270 -.09727
. . 33§ .790 .25 25.7 .478 .016

«1.0 -
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THEORY - EXPERIMENT COMPARISON
LE BALLEUR'S METHOD
FIXED TRANSITION
wx RECeCoFORT ESSAI M=0073 [2-0425 xx

NUM, MACH ALPHA  RE €z cx cn
. . 273 o727 -.25 7.6 +350 .000%0 -:06400
3 727 <425 746 2409 L0119 -a07148
—_———— 2 715 -.2% 7.5 «411 L01130 ~«07233
1.3 4
1.0 -
p
0.3
x/C
b 0.5 1.0
o. L !




THEORY - EXPERIMENT COMPARISON
WEAK COUPLING METHOD

wx RECoCoFAIBLE ESSAI M=o73 [=-¢23 mu

RE (%4 cx o
, B MACH ALPS' 7.6 350 .00890 -.06400
—— 1 1727 .25 7.5 529 .00987 -.09283
J— 2 705 -.25 7.6 .498 .00953 -.08734
f (1% ] -‘
[\
1,0
ot 0te,
34 ... 3 Qe
4 ot .°o.
!l..... .
0.9 -
x/C
a 0.5 1.0
0. 1 PO — |
/"”——_-———— _--‘_-~“‘-\
CONCLUSIONS
1) T2 DATA
. CAST 10 AIRFOIL VERY SENSITIVE 10 :
-~ TRANSITION LOCATION
- MACH NLMBER
- REYNOLDS NUMBER

. T2 DATA VERY WELL DOCUMENTED AT LOW AND
MEDIUM REYNOLDS NUMBERS

. T2 DATA SHOWS LARGE EXTENT OF LAMINAR
FLOW UP TO Re 10

. TRANSITION LOCATION DISPLACEMENTS CONTROL

- Cl1, CD EVOLUTIONS VERSUS ANGLE OF ATTACK
- C1, CD EVOLUTIONS VERSUS Re NUMBER

2) T2 - TCT DATA COMPARISONS
. TCT DATA SHOW LESS LAMINAR FLOW THAN T2
AT THE SAME Re NUMBER
. FIXED TRANSITION DATA SEEMS TO CORRELATE
CORRECTLY
. MORE COMPARISONS ARE NEEDED AT HIGH Re NUMBER

3) TEST - THEORY COMPARISONS
. CORRELATIONS ARE POOR USING THE SAME
MACH NUMBER
. SIDEWALL- B-L CORRECTIONS IMPHOVE COMPARISONS
. NS COMPUTATIONS (WITH CORRECTED MACH NUMBERS)
GIVE GOOD CORRELATIONS FOR :
-CL0
PRESSURE VERSUS MACH NUMBER
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